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Ethylene copolymers are widely used as packaging materials, adhesives and 
specialty polymers for well-regarded cost savings, durability, chemical resistance, and 
hot melt character. This work examines the use of diester monomers known as malonates 
to determine the plausibility of utilizing an uncommon monomer class for producing 
novel ethylene copolymers. Ethylene is copolymerized with diethyl methylene 
malonate—a simple malonate representative of more complex and highly modified 
malonate monomers and macromers—to produce ethylene-co-diethyl methylene 
malonate in a range of molecular weights. Ethylene-co-diethyl methylene malonate is 
analyzed to determine physical properties such as glass transition temperature, chain 
length and monomer incorporation. Successful copolymerization occurred under a range 
of temperatures and pressures in tetrahydrofuran, diethyl carbonate, and dimethyl 
carbonate. The produced polymers were found to have a molecular weight of 15-46 
kg/mol, a glass transition temperature of 7°C, a melting temperature of 108°C, and a cold 
crystallization temperature of 64°C. The high concentration of a radical source inhibitor 
in the diethyl methylene malonate monomer solution negatively impacted molecular 
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A. Polymers, Radical Initiation 
Polymers are a broad class of materials composed of small unit 
molecules(monomers) bound repetitively in linear or branched chains and occasionally 
in larger networks. [1] These materials can be found abundantly in nature but are also 
synthesized to produce materials that exhibit a range of characteristics to meet specific 
use cases. Some polymers are made from more than one species of monomer in order to 
further control the characteristics of the bulk material and impart unique functionality to 
otherwise inexpensive and well understood polymers. These types of polymers are 
copolymers, and their polymeric structure can vary between block, graft, alternate, and 
random as shown in Figure 1. [1] The structure of a copolymer in regard to these 4 
categories can determine the material properties of the bulk polymer; a copolymer with a 
different structure does not necessarily exhibit the same properties from one structure to 
the next. Another key difference between similar copolymers is the means of synthesis, 
generally split between two forms: addition and condensation. [1] Condensation 
Figure 1. The 4 basic structures of copolymers; constructed with red circle and 
blue square comonomers. Clockwise: Alternating, Block, Random, Graft. 
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propagates chain length through reactive chemistry and usually produces a byproduct, 
while addition is the uninterrupted extension of chain length through reactive species 
without byproducts. A common and effective method for addition polymerization utilizes 
a chemical source of free radical to attack an electrophilic group present on a monomer. 
This initiation starts a chain with a preserved free radical for continued chain propagation. 
[1] This process increases the chain length every time the free radical is exposed to a 
qualified bond or functional group provided by the desired monomers and can be stopped 
or quenched through contact with another unpaired electron or a free radical inhibitor. [2] 
Because this termination is unlikely to occur at low initiator concentrations, the process 
lends itself well to producing high molecular weight polymer chains. This process, free 
radical initiated polymerization, provides an impurity tolerant polymerization process 
under conditions much more facile (400,000 PSI vs 1000 PSI) than normally required to 
force monomers to polymerize. [3] Various radical initiators are available, such as 2,2′-
Azobis(2-methylpropionitrile) (AIBN), which degrades at medium temperatures to form 
two free radical source fragments, giving a controllable onset for polymerization that is 
stable at room temperature. [4] 
B. Diethyl Methylene Malonate 
Malonates—a class of diester species built upon the dicarboxyl frame of malonic 
acid—can undergo functionalization of the α carbon with a carbon-carbon double bond. 
This functionalized methylene malonate provides a reactive building block for much more 
complex and even multifunctional monomers and polymers. Esterification allows for the 
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introduction of functional groups and offers several 
pathways for functional group modification of 
malonic acid or methylene malonate. [5] Diethyl 
methylene malonate (DEMM) is one such ester 
monomer, which is a compromise of more reactive 
(less sterically hindered) dimethyl methylene 
malonate, and more expensive monomers such as 
dihexyl or dicyclohexyl methylene malonate. 
Previous work has established that homopolymers 
of DEMM, poly diethyl methylene malonate 
(pDEMM), can be synthesized through multiple 
living chain and addition reactions, including radical 
initiation. [6][7] While some work on methylene 
malonate monomer use exists, industrial and 
academic utilization is relatively low when compared to more common monomer classes 
such as acrylates, alkenes, and other esters. 
Ethylene copolymers are commonly used as bulk plastics for a variety of tunable 
characteristics that can make them chemically resistant, thermally resistant, durable, and 
adhesive and are widely used as packaging materials, adhesives, and specialty polymers. 
[8]-[11] Co-monomers, the cooperative monomers used in construction of a copolymer, 
can provide a variety of expensive and useful functionality to polyethylene. This is an 
attribute that allows for reduced cost and material efficiency. Attempting to produce a 




copolymer of ethylene and DEMM has serious potential for the fields in which ethylene 
copolymers are used:  packaging, rubber, and adhesives. 
C. Prior Work: 
A previous successful copolymerization of ethylene and an acetate ester uses the 
thermally initiated azo radical source AIBN at 70 °C to initiate copolymerization of vinyl 
acetate (VAc) under an ethylene atmosphere of 725-1800 PSI. [12] Products were verified 
using 13C nuclear magnetic resonance (NMR). The paper outlines the use of several 
solvents, the best (yield and molecular weight) of which is tetrahydrofuran (THF) and 
diethyl carbonate (DEC). Dimethyl carbonate (DMC) is also used for the lack of α 
hydrogen sites available for chain transfer, key for minimizing instances of living chain 
termination and branching. [1] Previous works have studied the synthesis of ethylene 
copolymers at temperatures between 100-200 °C and pressures in excess of 11,000 PSI. 
[13][14] 
 
Figure 3. EVA initiation/polymerization/chain transfer scheme with AIBN and 




Figure 2 illustrates the overall reaction pathway for producing ethyl vinyl acetate 
(EVA) in DEC solvent. Acrylates, compounds that are structurally very similar to 
malonates, have a history of radical initiated polymerization. [15][14] The methylene 
group present on DEMM is more electron deficient when compared to the vinyl groups 
on VAc or methyl methacrylate, due to the geminal esters of DEMM. The proposed 
method of initiation is the same as VAc initiation, with the notable difference of chain 
transfer chance being less dependent of the reaction solvent due to the ethyl groups 
present on DEMM. Figure 3 illustrates the hoped-for pathway and products; a copolymer 
of ethylene and DEMM. 
 
Figure 4. Proposed reaction scheme for radical initiation of DEMM. Order of 
radical attack is nonspecific; X is initiator source. 
 
NMR is a common tool for characterizing polymer products and the DEMM 
manufacturer recommends using NMR for quantifying the conversion of methylene 
groups when assessing DEMM polymerization. [16] Thermal analysis has been 
performed to distinguish between copolymers and mechanical polymer mixtures, and size 
exclusion chromatography (SEC) is used to understand the common chain lengths 
produced. [16] 
 Other work with radical initiators is extensive and covers a wide breadth of 




ethylene and methacrylate copolymers. [15][14] This is significant for the structural 
similarity between methacrylate type monomers and malonate type monomers. Such 
similarity does not guarantee success, but it can be used to inform analytical techniques 
and manage expectations for potential synthesis products. Additional efforts have been 
made with methylene malonate polymers synthesized with UV curing, a free radical 
dependent process, further supporting the conclusion that a free radical polymerization is 
possible. [6] 
D. Motivation and Objectives: 
The efforts discussed herein will examine the viability of copolymerizing ethylene 
with DEMM; a simple building block for a much wider library of methylene malonate-
based monomers. The plausibility of combing these technologies is uncertain. Prior works 
establish precedence for successful free radical initiation but not for the copolymerization 
of ethylene and DEMM. 
This lack of precedence provides clear goals of creating and validating a method 
of free radical copolymerization ethylene and DEMM, and to understand the degree of 
monomer incorporation. These goals also include preliminary work to understand the 
parameters that hold the most influence over the synthesis process. The simplicity of free 
radical polymerization, while unable to provide the precise control of length, weight, and 
incorporation, will provide a quick and reproducible method to determine the feasibility 






MATERIALS AND METHODS 
A. Materials 
DEMM monomer with 4730 ppm of butylated hydroxy toluene produced by Sirrus 
Chemistry. UHP 99.995% grade ethylene gas from AIRGAS, UHP Argon 99.999% 
AIRGAS. Reaction solvents: DEC 99% Sigma Aldrich, DMC 99% Alfa Aesar, and THF 
185 ppm BHT Fisher Scientific. AIBN 98% Sigma Aldrich. Purification and cleaning: 
DEC 99% Sigma Aldrich mixed with 2 wt% methane sulfonic acid (MSA) 99% Sigma 
Aldrich and washed with anhydrous methanol 99% Alfa Aesar. During NMR analysis, 
Chloroform-d 99.8% Sigma Aldrich was used for solvation while hexamethyldisiloxane 




B. Synthesis Reactor 
While free radical polymerization does not always require high reaction pressures, 
previous work has used ranges of 725-1800 PSI. The ethylene gas and liquid reaction 
medium necessitates continuous mixing and thus stirring at high pressures is needed. [6] 
A Parr Instruments 4520 series 300 mL benchtop high-pressure reactor equipped with 
packed gland stirring and an externally controlled heating mantle was used. Stirring and 
temperature control is facilitated by a Parr Instruments Series 4835 controller equipped 
with an Omega CN9600 Autotune Temperature Controller. The temperature controller 
was attached to a Parr Instruments heating mantle and a 1/12 HP rotary motor to power 
the reactor impeller. A custom-made quartz reactor liner was used to contain the reaction 
Figure 5. A cartoon of the synthesis reactor displaying 




within the 315 stainless-steel reactor vessel to easily contain reaction products and 
expedite cleanup.  
The vessel liner is cleaned and passivated via two wash steps with a 2 wt.% MSA 
solution in DEC, followed by a rinse and dry with HPLC grade methanol. The liner is 
then filled with the reaction ingredients and sealed within the pressure vessel. The vessel 
is purged with argon at 200 PSI for 20 minutes with 100 RPM stirring. The vessel is 
depressurized, and the desired atmosphere is introduced to achieve the ramp pressure, 
500 PSI of ethylene. The reactor is then heated to 70°C at a rate of 1°C/min with 
continuous stirring at 100 RPM. Once the reactor has reached 70°C the atmosphere is 
charged with ethylene at the desired reaction pressure, no higher than 1900 PSI, and held 
isobaric for the length of the reaction, 1.5 hours. 
C. Purification, Storage 
 For storage and analysis, the reaction products are isolated and dried of all reaction 
solvents. Products are mixed into 50 mL methanol or THF, heated and stirred to accelerate 
dissolution, and then mixed with water. This forces the water insoluble polymer to 
precipitate out of solution, leaving water soluble impurities like AIBN and BHT in 
solution. The resulting mass of polymer is then dried in an Acros International 250C 
vacuum oven at 225°C under 400 mmHg vacuum until the sample is dry, usually over 5 
hours. Liquid samples are taken from the reaction medium after synthesis and do not 
undergo any further processing in order to provide a clear picture of all reaction 
byproducts and methylene conversion. Dried products and liquid products are stored in 





ANALYTICAL METHODS:  
Because the comonomers used in synthesis are known constituents of existing 
homopolymers, it is important to judge the composition of the produced materials. There 
are multiple methods for proving that a polymer sample is a copolymer—these vary based 
on polymer composition, material characteristic, and solvent solubility. Because the 
polymers produced for this work vary drastically in their solubility several methods were 
employed to provide a robust picture of polymerization products. 
 
Figure 6. Labeled 1H NMR of DEMM with HMDS. The geminal hydrogens on the 
methylene peak at ~6.5 ppm. This peak is used to measure conversion. 
A. Nuclear Magnetic Resonance (NMR): 
 This is a method of spectroscopy which utilizes magnetic fields to count the presence of 
specified non-zero spin nuclei, namely 1H and 13C. This analysis provides spectra 
arranged along an X axis of chemical shift (ppm) and a Y axis of response intensity. 
Because of the rarity of non-zero spin isotopes for most elements, 1H NMR is the only 
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robust quantitative method for analyzing samples and 13C NMR gives a qualitative view 
of polymer composition. Samples analyzed were both unpurified reaction medium and 
purified polymer. The methods employed require polymers to be soluble in a high purity 
deuterated solvent—chloroform-d—and a precise amount of an internal standard—
hexamethyldisiloxane (HMDS)—to calibrate frequency response per atom. Analysis was 
performed on a Bruker Avance 500MHz NMR machine. The methylidene group present 
on DEMM has a distinct and easily identifiable peak character for both carbon and proton 
NMR. 1H-NMR offers a quick and easy method of quantifying the consumption of this 
group by way of an internal standard, HMDS, which is used to connect peak intensity to 
functional group concentration. 13C-NMR is less accurate due to the rarity of the 13C 
isotope, and the relaxation times required, so is used to qualitatively judge conversion, 
and identify synthesis products. 
 






B. Size Exclusion Chromatography (SEC): 
 This method of chromatography uses a porous liquid chromatography column (Agilent 
1100, PLgel 5 µm MIXED-C) to determine the molecular weight distribution of a 
polymer sample. A carrier phase of a solvent (THF) at 25°C is used to push a polymer 
sample eluent through the stationary phase of the column, with larger chains exiting the 
column last. A chromatogram is produced that displays the molecular weight of eluate vs 
time. This method heavily relies on solubility, and some caution is needed with unstable 
solutions of polymers, as samples easily come out of solution and permanently ruin SEC 
columns. This method is also a good means of confirming that polymerization is actually 
occurring in some form. If the average molecular weight doesn’t significantly increase 
from monomer reactant to products, no meaningful polymerization has occurred. 
C. Matrix Assisted Laser Desorption Ionization-Time of Flight (MALDI-
TOF): 
 This method is a form of mass spectrometry that ionizes analytes whole without 
destruction, a characteristic that is useful for relatively large non-volatile molecules. After 
ionization, the analytical device accelerates analyte ions in a high voltage field, imparting 
constant kinetic energy, and therefore making the smallest ions travel fastest. TOF 
analyzes the velocity of different ions to provide a spectrograph distribution dependent 
on mass to charge ratio. There are some limitations due to the sample nature, namely 




D. Thermogravimetric Analysis (TGA): 
 TGA provides an evolving mass change profile of small samples as they are heated over 
time. The samples are heated at a controlled rate and are continuously weighed as species 
leave the sample, desorb, degrade, or combust. This information is plotted as weight % 
change vs time. This analysis is performed on a TA Instruments SDT Q600 under 
nitrogen atmosphere. High resolution TGA techniques can be used to further discern 
between homopolymer blends and copolymers. [17] 
E. Differential Scanning Calorimetry (DSC): 
 DSC is an analytical method through which hermetically sealed pieces of sample are 
heated and cooled. The heat flow necessary to perform this temperature cycling is 
measured and graphed to provide an understanding of the phase transitions the sample 
undergoes plotted as heat flow vs temperature. This analysis is performed with a TA 
instruments Affinity ITC, with aluminum sample pans. DSC can be used to determine if 
a significant amount of polymer blend is present, provided there are multiple glass-














RESULTS AND DISCUSSION: 
Initial assembly of the reactor and validation of synthesis procedure was 
completed without major issue. The reproduction of prior efforts to copolymerize vinyl 
acetate and ethylene was successful and proved the capabilities of the reactor set up. 
A. Successful Copolymerization 
The copolymerization of ethylene and DEMM into ethylene-co-DEMM was 
successful. Polymerization was observed within range of DEMM and ethylene monomer 
concentration, but within a narrow range of initiator concentration. Successful initiation 
is marked by the conversion and removal of methylene hydrogen peaks in 1H NMR. 
These peaks offer a quantitative measure of the highly reactive carbon-carbon double 
bond of DEMM, and any reduction in relative peak area is a clear measure of the change 
of the nature of this group, in this instance alteration via free radical initiation and chain 
growth. Figure 8 illustrates the location of the characteristic peaks for this group in both 
13C and 1H NMR (135ppm and 6.5ppm, respectively). Successful copolymerization is 
much more difficult to elucidate with 13C NMR, as the analysis is not quantitative and 
functions as a qualitative signal for change.  
The carbonyl carbons, which have no response during 1H NMR, are the key metric 
for understanding the difference between a DEMM homopolymer and a true copolymer. 
After polymerization of either polymer structure the carbonyl characteristic peak (162 
ppm) is found to shift higher along the spectrum and signals the further deshielding of the 
carbonyl nuclei due to the increased electron withdrawing from additional oxygens in the 
polymer chain. pDEMM has a distinct and sharp value for which the shift occurs, even 
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for Michael addition type polymerization. [7] This provides a baseline to understand how 




Figure 8. Top: 1H NMR comparison between the copolymer, homopolymer and 
DEMM monomer. Bottom: 13C NMR comparison between the copolymer, 
homopolymer and DEMM monomer. 
 
Thermal analysis now comes into play to better clarify that a true copolymer—
and not a blend of homopolymers—is being synthesized. TGA with 3 separate runs of 
purified free radical initiated pDEMM, a purified handmade mix of free radical initiated 
pDEMM and high-density polyethylene (HDPE), and a purified sample of copolymer. 
This analysis (shown in Figure 9), done under nitrogen with a ramp rate of 5°C per 
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minute shows distinct peaks for the thermal degradation of the ester groups present in 
DEMM, as well as the pyrolysis of polyethylene. 
 
Figure 9. Thermogram of copolymer(●), pDEMM(+), and a mix of HDPE 
&pDEMM(□) with important temperature events marked by vertical red bars. 
 
When the copolymer is analyzed, the differences between the homopolymers 
and copolymer resolves. The thermal degradation of the ester structure through thermal 
de-esterification and subsequent evaporation of volatile ethylene carbons is the earliest 
event, at around 225°C. This is followed closely by the separation of acetic acid from 
the polymer chain and then degradation and dissipation of the remaining chain 
backbone. [18][19] These steps occur to both pDEMM and the copolymer, with the 
notable exception of the additional distinct mass loss at 425°C due to the presence of 
HDPE. The increase of weight percent loss beyond 350°C—for copolymer samples 
when compared to pDEMM samples—indicates that a larger amount of polyethylene 
backbone exists after copolymerization. This increase in PE correlates to a 4-6 DEMM 
to PE incorporation. The shift in and broadening of degradation temperature between 
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the homopolymer mix and copolymer could be attributed to a distinct change in 
structure (i.e. copolymerization) but could be heavily influenced by small polymer 
impurities and high polydispersity. This TGA alone is not enough to conclude that a 
copolymer was made; it supports the argument and helps form an understanding of 
monomer incorporation. 
DSC is used to further support this conclusion by running calorimetry on the same 
3 samples. Figure 10 shows the DSC thermogram of a sample of copolymer, with clear 
and distinct glass transition temperature, melting point, and crystallization. These 
temperatures are different from samples of pDEMM and polyethylene (Figure 17 
Appendix A), most distinguishable by the difference in crystallization temperatures and 
melting temperatures. Pure pDEMM displays very small amounts of crystallinity at -
15°C, where copolymer samples prove to have greater crystallinity at temperatures near 
60°C. Mixtures of homopolymers, with quantities of HDPE, display even higher levels 
of crystallinity at even higher temperatures near 95°C. Small levels of near-HDPE 
crystallinity suggest small levels of PE crystallinity, and therefore low-level incorporation 
of ethylene within copolymer samples. While the important events of this method can 
still be influenced as TGA is by high dispersity and impurities, these analyses further 
reinforce the conclusion that a copolymer was produced. This influence is well illustrated 





Figure 10. DSC thermogram of copolymer sample. The unlabeled blue and green 
spikes are unknown aberrations and did not show on similar runs. 
 
SEC is the final piece of evidence we need to robustly conclude that a copolymer 
was formed. Figure 12 displays the chromatogram of a GPC run, as well as chain length 
information. These data show conclusively that polymerization is indeed occurring, and 
that solvent choice has influence on the extent of polymerization. Despite the increase in 
chain length brought on by solvent choice, the polymers formed are still of relatively low 
molecular weight and chain length when compared to polymers like food grade HDPE 
which can be up to 1,000,000 g/mol. [3] Solubility limitations prevent similar SEC 
analysis of samples of pure PE or with high ethylene incorporation. 
B. Structure and Monomer incorporation 
While previous efforts have established a pattern for alkene free radical initiation, 
it is still important to understand the composition and structure of the copolymer produced 
as structure is the deciding factor for physical and chemical attributes. For this and 
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combination of 13C and 1H NMR is used to determine how to monomers bond and how 
the spectra respond to chain organization. 
 
Figure 11. Labeled and integrated 1H NMR of copolymer product, used to quantify 
ethylene incorporation. The α carbon labeled with an * denotes a DEMM unit not 
bonded to an ethylene unit. 
 
13C NMR provides a picture of the variation in chain structure via the carbonyl 
peaks at and beyond 170 PPM. When to compared to the carbonyl peaks of pDEMM, the 
heterogeneity of peak shift in the copolymer is apparent. This heterogeneity describes the 
addition of ethylene units along the chain length, further modifying the electron shield of 
carbonyl nuclei. This is not a change in the nature of the carbon atoms, they remain 
carbonyls throughout synthesis. The lowest shift carbonyl peaks describe small units of 
pDEMM, with higher shift “feeling” the addition of ethylene units along the chain and 
the change in electron shielding they introduce. The incorporation of more ethylene is the 
proposed justification for the for the decrease in shielding. Here the weakness of 13C is 
most apparent and 1H NMR is used to describe qualitatively how ethylene is incorporated.  
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The 1H spectra describe the deviation from pDEMM by producing a peak shift for 
the characteristic peaks of pDEMM, as well as presenting the characteristic peaks of 
pDEMM. The conclusion of this is as such: the copolymer produced has near equal parts 
pDEMM-pDEMM and pDEMM-ethylene, and therefore an ethylene mol% of 50-30% 
for products from synthesis run at 1100 PSI of ethylene with 2M DEMM. 13C spectra of 
the copolymer exhibit new peaks near 30 ppm. These are characteristic of polyethylene 
segments, and with longer chain blocks this peak would shift further towards 30ppm.  
The conclusion of low ethylene incorporation is also supported by DSC and TGA. 
As previously discussed, thermal analysis does not describe the presence of large 
polyethylene blocks along the copolymer chain which would otherwise display distinct 
crystallization and degradation events caused by large segments of crystalline 
polyethylene. TGA thermograms show a 2-12 wt% of polyethylene in copolymer 
samples, roughly 4-6 DEMM units to every ethylene unit. DSC shows that polyethylene 
like crystallinity is present, but the heat flow produced is relatively lower than that of PE 
containing samples, signaling the low level and small block size of PE along the 
copolymer chain. 
A breach of this conclusion comes from MALDI-TOF analysis, which describes 
polymer systems that contain roughly 2-12 DEMM for every 23 ethylene units in a chain. 
This is through the molecular weight data provided that signals polymer molecules in 
finer weight increments than a homopolymer of DEMM. Here we see a conflict between 
the inherent aspects of NMR, TGA, and DSC. These methods count from an entire bulk 
of polymer, contrasted with MALDI-TOF which can only reliably analyze molecules that 
are roughly 2kg/mol and smaller. Additionally, these high Đ polymers saturate the 
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detector with low weight polymers before higher weight polymers can even reach the 
detector. This size limitation means that only copolymers with a maximum of 12 DEMM 
units and lower can be analyzed. MALDI-TOF also reliably shows us that these 
copolymer chains are indeed copolymers, and their initiation is caused by AIBN radical 
fragments. Figure 15 in Appendix A displays the spectra produced from analyzing a 
sample with molecular weight of 38,000 and 43,000 kg/mol. 
  
 
Figure 12. A: SEC chromatogram of unpurified pDEMM (top) and purified 
copolymer (bottom). B: Tabulated SEC dispersity and Mw of various synthesized 
polymers. C: Methylene conversion as dependent on initiator to inhibitor mol ratios. 
Determined through quantitative 1H NMR. 
C. Initial Parameter Influence on Copolymerization 
The first few DEMM batches were run with insufficient initiator, and as a 
consequence, did not polymerize. This was overcome successfully by increasing the 
concentration of initiator to be greater than or equal the concentration of inhibitor. The 
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high concentration of BHT has an antagonistic impact on the success and degree of 
polymerization. Because the DEMM monomer is doped with BHT during synthesis via 
the manufacturer, it is not possible to acquire neat monomer. Removal of BHT through 
special process is possible given a large investment of time and effort but produces a 
product that is highly reactive and unstable and is not ideal for bulk use as needed for this 
work. Because of this tradeoff, the BHT was not removed and instead, high 
concentrations of initiator were used to overcome the limitation of high inhibitor 
concentration. Because overcoming the BHT concentration requires a 2-order-of-
magnitude increase in the concentration of initiator; the presence of AIBN free radicals 
strongly outweighs the influence of other parameters. This makes it impossible to fully 
decouple parametric influence with the current data. Figure 12 describes the total 
conversion of methylene groups with respect to the initiator to inhibitor mol ratio. 
Remember that AIBN produces two free radical fragments and BHT can consume two 
free radicals. 
Beyond conversion, chain length and dispersity, as measured by SEC, give an 
idea as to how successful polymerization is. It is important to note that product 
purification has a heavy impact on SEC chromatograms, as unpurified samples are high 
in very short chain fragments and macromers. With this said, after purification a distinct 
difference between chain transfer capable solvent THF and the non-transfer capable 
solvent DMC appears in polydispersity (Đ) and average molecular weight. While the 
molecular weight more than doubles from 15 kg/mol in THF to more than 38 kg/mol in 
DMC, the dispersity drops down to 1.8 from 2.4. Figure 12 gives comparison between 
chromatograms of unpurified pDEMM and purified copolymer produced in THF as 
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well as a tabulation of SEC diagrams; the bimodal nature of the first graph is due to 
large DEMM impurities. 
A single synthesis was performed at 500 PSI ethylene with 1 M DEMM and 1:1 
inhibitor to initiator mole ratio. This run was only analyzed using 1H NMR, but clearly 
contained greater incorporation of ethylene in the chain length with no solubility issues. 
The picture of parametrization is not fully resolved from this, but with a general halving 





CONCLUSIONS AND FUTURE WORK 
Attempts at copolymerizing ethylene and DEMM via free radical initiation were 
successful; after employing multiple analytical methods this conclusion is robustly 
supported. A thermally activated free radical source successfully initiated polymerization 
at a range of reaction pressure at 1100 PSI and 500 PSI, as well as DEMM monomer 
concentrations of 4, 2, and 0.9 M in THF, DMC, and DEC. The copolymer products have 
shown a small extent of controllability in regard to chain length and monomer 
incorporation and appear to follow a random distribution, avoiding large blocks of either 
monomer. It is now known that polymerization occurs with a direct dependency on 
inhibitor to initiator ratios. 
MALDI-TOF provides an idea of where 
initiation usually occurs. This initiator receptor is 
the central carbon of the diester structure and is 
possibly the single most electron deficient carbon 
in the molecule. This could be why despite the 
high steric hinderance it is the site of initiation. 
NMR and thermal analysis provide a picture of 
low overall ethylene incorporation throughout the 
bulk of the polymer. There are several possible 
reasons that ethylene incorporation may be low but 
the coupling with small molecular weight signals 
a greater problem with synthesis conditions which may be due to the high concentration 
Figure 13. The general skeletal 
structure of ethylene-co-DEMM, 
n units of DEMM randomly 




of BHT free radical inhibitor. MALDI-TOF results show a bias towards higher levels of 
incorporation for low chain weights. This points to a possible imbalance between relative 
incorporation and chain weight.  
While inhibitor presence most likely is responsible for the relatively short polymer 
chains and low ethylene incorporation, it also appears to antagonistically impact ethylene 
incorporation. This inspires the idea that longer chains are longer because they have 
smaller sections of ethylene, and thus less opportunity for successful termination from 
BHT. The data clearly shows the impact of BHT on conversion; such high concentrations 
of BHT require running synthesis with nearly 0.4 M available free radical termination 
sites. Preliminary work on low monomer concentration and low-pressure synthesis has 
produced successful polymerization that has ethylene to DEMM closer to 1:2. This low 
concentration study is not able to decouple the impacts of monomer or inhibitor 
concentration however lowering ethylene pressure should lead to less incorporation, not 
more. 
Significantly more analysis is needed for existing synthesis products to better 
understand existing parametrization data, which would involve running more TGA and 
DSC as well as optimized MALDI-TOF. Ideally, further TGA would be done in a 
stepwise manner, holding the samples at salient temperatures for set amounts of time, to 
better define the ethylene incorporation in a given copolymer. This would be fundamental 
in analyzing samples with solubility issues brought on by high ethylene incorporation. 
Better understanding of 13C NMR spectra would allow for the quantification of any 
branching and a calculation of block lengths, key to characterization as many small peaks 
in the >170 ppm shift remain unidentified. 
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The full parametric influence on copolymer products is still not fully understood, 
future work should first and foremost seek to better describe how easily controlled 
parameters impact chain length, monomer incorporation, crystallinity, and thermal 
properties. The most important parameters are reaction pressure, reaction time and 
relative concentrations of initiator, inhibitor, and monomer. Also, as a part of 
parametrization; the impact of solvent choice is not clearly understood and key 
characteristics such as solvent polarity and DEMM solubility have no understood impacts 
but have clear influence on prior polymer synthesis. 
In addition to full parametrization of synthesis conditions, materials testing for 
the resultant copolymer samples is required to begin understanding how these polymers 
could be leveraged industrially. Material properties can vary wildly between different 
compositions of the same copolymer, and with full control provided by parametrization 
the implications of control and the eventual benefits of synthesis will become apparent. 
Beyond the fundamental understanding needed of such a polymer, future efforts 
should examine the role of the radical inhibitor BHT on polymer composition. Evidence 
tells us that BHT is not an optimal inhibitor for either AIBN or DEMM, something that 
is unique to BHT but may be shared with similar radical inhibitors. Because of a high 
level of steric hindrance, BHT may work poorly against DEMM radicals but react readily 
with longer polyethylene chain sections. To rectify this, additional work may be done to 
look for consumption-based inhibitors that are more suited for the job.  
A retarder, which is used to decrease the rate at which polymerization occurs, may 
be significantly more effective in place of a consumption-based inhibitor like BHT as it 
would not impact conversion and would likely not have an impact on ethylene 
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incorporation. These solutions require additional work and more investigation. High 
concentrations of either inhibitor or initiator increase the odds of chain termination and 
while BHT does not seem effective against DEMM radicals, it seems to have a heavy 
negative influence on ethylene chain lengths. Significantly reducing the concentration of 
BHT could transition BHT into a retarded. 
Moving even further along, attempts to introduce mediators—substances that can 
either act antagonistically or promotionally—to change aspects like polymerization rate 
and copolymer composition will have a broader impact on synthesis capabilities. Such 
efforts could study metal mediators such as cobalt and titanium, which may enable a 







Figure 14. TGA weight loss data at 5C/minute for 3 synthesis runs. Green: No 
ethylene, pDEMM. Red: 1:1 mol ratio of AIBN to BHT. Blue: 2:1 mol ratio of 

























Figure 15. SEC chromatograms of copolymer synthesized in DMC (top) and 













Figure 17. TGA weight loss data for 5 runs: blue is HDPE, green is copolymer, 
pink is a mechanical mixture of pDEMM and HDPE, and two samples of pDEMM 
as brown and teal (overlayed). 
 
B. For the calculation of methylidene group concentration: 
 
SMPR is the standard molar proton response unique to each 1H NMR data set. 
 
18 protons per molecule of Hexamethyldisiloxane (HMDS), 2 protons per DEMM. 
 
𝑆𝑀𝑃𝑅 =
𝐻𝑀𝐷𝑆 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 18 𝑝𝑟𝑜𝑡𝑜𝑛𝑠⁄




𝑀𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎









1. Cowie, J.M.G. (1991). Polymers: Chemistry and Physics of Modern Materials (2nd 
ed.). Blackie (USA: Chapman and Hall). pp. 104–106. ISBN 978-0-216-92980-7. 
 
2. Odian, G Principles of Polymerization 2004, 4th ed, ISBN 978-0-471-27400-1. 
 
3. Chelazzi, D.; Ceppatelli, M.; Santoro, M. Nature Mater 2004 , 3, 470–475. 
https://doi.org/10.1038/nmat1147 
 
4. Camp, A.G.; Lary, A.; Ford, W. T., Macromolecules 1995, 28(23), 7959–7961. 
doi:10.1021/ma00127a054 
 
5. Furniss, Brian; Hannaford, Antony; Smith, Peter; Tatchell, Austin (1996). Vogel's 
Textbook of Practical Organic Chemistry 5th Ed. London: Longman Science & 
Technical. pp. 695–697 & 699–704. ISBN 9780582462366. 
 
6. Goodrich, T.; Polykarpov, A.; Deshpande, A. UVEBTech 2020, 4. 
https://uvebtech.com/articles/2020/photopolymerization-of-methylene-malonates/ 
 
7. Huang, M.; Liu, Y.; Yang, G.; Klier, J.; Schiffman, J. D. ACS Applied Polymer 
Materials 2019, 1 (4), 657–663. 10.1021/acsapm.8b00135 
 
8. Mckeen, L. W. Permeability Properties of Plastics and Elastomers 2017, 157–207. 
10.1016/b978-0-323-50859-9.00009-9  
 
9. Fabris, H. J.; Knauss, W. G. Comprehensive Polymer Science and Supplements 1989, 
131–177. 10.1016/b978-0-08-096701-1.00208-1  
 
10. Ethylene-Vinyl Acetate (EVA) Product, Price and Market 
https://www.plasticsinsight.com/resin-intelligence/resin-prices/ethylene-vinyl-acetate/. 
 
11. Morschbacker, A. Polymer Reviews 2009, 49 (2), 79–84. 10.1080/15583720902834791 
 
12. Zarrouki, A.; Espinosa, E.; Boisson, C.; Monteil, V. Macromolecules 2017, 50 (9), 
3516–3523. 10.1021/acs.macromol.6b02756 
 
13. Ehrlich, P.; Mortimer, G. A. Advances in Polymer Science Fortschritte der 




14. Buback, M.; Dietzsch, H. Macromol. Chem. Phys. 2001, 202: 1173-1181. 
10.1002/1521-3935(20010401)202:7<1173::AID-MACP1173>3.0.CO;2-N 
 
15. Mittal, V. Chapter 5 In Functional Polymer Blends; CRC Press, 2012. 10.1201/b11799  
 
16. Byrd, M.H.C.; McEwen, C.N., Anal. Chem. 2000, 72, 4568-4576, 10.1021/ac0002745 
 
17. Ng, H. M.; Saidi, N. M.; Omar, F. S.; Ramesh, K.; Ramesh, S.; Bashir, S. Encyclopedia 
of Polymer Science and Technology 2018, 1–29. 10.1002/0471440264.pst667 
 
18. Fares, S. Journal of Natural Science 2012 ,4 (7), 499-507. 10.4236/ns.2012.47067 
 
19. Williams, K.R. Journal of Chemical Education 1994, 71 (8), A195-A198. 
10.1021/ed071pA195 
 
 
 
